Abstract
Introduction
Recently, the substantially increasing integration of variable renewable energy sources, such as wind power, has significantly changed the generation portfolios of many electric power systems [1] [2] [3] [4] . To operate power systems with high penetration levels of variable renewables, the systems need more flexible resources to mitigate the variability and uncertainty [5] [6] [7] [8] [9] [10] . In realtime operations with high penetration of renewables, one of the major challenges is ensuring sufficient ramping capability. Therefore, they are usually modeled as "non-dispatchable" resources; a modeling approach that relies mostly on the existing system ramping capacities [11] .
To deal with the potential ramping shortage issues that can arise from high renewable penetration levels, some independent system operators (ISOs) have launched and implemented market designs for flexible ramping products, such as the flexi-ramp product in the real-time market by the California Independent System Operator (CAISO) and the ramp capability product in the day-ahead and real-time markets by the Midcontinent Independent System Operator (MISO) [6, 7] . In these designs, specifically in the real-time markets, flexible ramp capacity is procured by adding ramp requirements in the original deterministic realtime economic dispatch (RTED) models [8] , such that the ramp product is co-optimized with energy and other ancillary services in the real-time energy market. In these market designs, wind power is usually treated as a source of uncertainty that contributes to the ramping requirement in the system; however, the use of wind power to increase system reliability and flexibilityincluding modeling it as a flexible ramp capacity provider-is attracting more attention due to the rapidly increasing penetration of wind power [9] [10] [11] . The system flexible ramp requirements and the impacts of ramp products on market clearing have been analyzed in [12] [13] [14] [15] [16] . Reference [17] studies the potential for wind power to provide flexible ramping products in the realtime market as an additional value stream. In [15, 16] , the impact of wind power on flexible ramping was reviewed. These studies analyze the impacts of flexible ramping on a system's reliability and its operation costs from the system operator standpoint. Further, the benefits of wind power providing ramp products were analyzed in [5, 9, 18 ] to improve system reliability and reduce ramp scarcity. Reference [19] introduced the concept of flexible dispatch margin as an opportunity for wind resources to participate in reducing variability and uncertainty as renewable penetration increases. From a renewable power plant owner point of view, [20] [21] [22] investigate optimal energy and reserve offering strategies that maximize plant revenues while considering the risk of profit loss.
However, in the existing literature, not much attention has been devoted to the impact of flexible ramping product mathematical formulation. The general formulation considers the ramping product as intertemporal variation of power output. A direct application of this modeling approach to renewable based-ramping resources can lead to unnecessary curtailments. In addition, since the ramping products are procured to mitigate uncertainties and variabilities in the power system, it is critical to account for power forecasts when formulating the participation of non-dispatchable resources, such as wind power, in the flexible ramping market. We further study how the economic impact of wind ramping products scales across increasing wind penetration levels.
In this paper, the possibility of wind power to provide flexible ramping products is further analyzed. We propose three different models to incorporate the ramping products from wind power based on wind power forecasts. A case study is conducted on a large system with two thousand buses to analyze the impact of wind power ramping products modeling, as well as wind power penetration, on the system costs and ramping reserve capability.
The rest of this paper is organized as follows. Section 3 introduces different flexible ramping product formulations in the day-ahead SCUC model. Section 4 evaluates the alternative ramping models through case studies in a synthetic two thousand bus system and analyzes the impact of wind power ramping products on the system operating cost and reserve capability. Section 5 concludes the paper.
Unit commitment problem with flexible ramping products
This section presents the overall formulation of the SCUC problem including flexible ramping products.
Objective function
The SCUC problem studied in this paper seeks to minimize the overall operating cost, made up of startup costs ( , ) and shutdown costs ( , ), production costs ( , ), ramping costs ( , ) and load shedding costs ( ) costs as follows:
with:
where (1.a) and (1.b) define the unit startup cost and shutdown costs, respectively; (1.c) represents the generation production cost; and (1.d) is the system ramping product procurement costs. We use (1.e) to evaluate the impact of the distribution of load curtailment penalty. Equation (1.e) considers a locational curtailment penalty . We consider block generator cost functions with the assumption that:
, for all generator unit and block = 1, . . . , .
Constraints for a single unit
We adopt similar constraints for traditional thermal units as in [23, 24] , presented as follows for the sake of completeness:
where ( 
Wind power as flexible ramp provider
The participation of wind power plants in the energy market as flexible ramp providers is modeled in the form of the following constraints:
Note that (7. . 1), (7. . 2) and (7. . 3) are exclusive and represent three different up-ramp formulations that are further discussed and tested in the case study section. According to (7.a.1), the flexible ramping-up product is defined solely in reference to the intertemporal difference between the current output and the available generation of the next time slot. The ramping product model (7.a.2), on the other hand, proposes an intratemporal approach, while (7.a.3) captures both the intertemporal and intra-temporal ramping opportunities.
System constraints
The system constraints include the energy balance constraint for every time interval, system operating reserve, flexible ramping, and transmission constraints, as follows:
, ≤ , ∀ ∈ , ∈ (9. )
where (8.a) is the energy balance constraint and (8.b), the load-shedding limit constraint. Constraints (9.e) and (9.f) enforce regulating reserve limits, while (9.c) and (9.d) ensure that the regulating reserve requirements are satisfied. Equation (9.b) imposes spinning reserve rate limits. Spinning reserve requirements are expressed by (9.a). Equation (10) enforces network flow constraints.
Case studies
The purpose of the study in this section is to test and evaluate the proposed alternative formulations described in Section 3.3. We also attempt to uncover possible impacts of wind penetration levels on rampconstrained power systems. We use the TAMU 2000-bus synthetic grid test case as the basis of our analysis [25, 26] which is a simplified ERCOT power system with a moderate wind power penetration.
The TAMU 2000-bus test system
The 2000-bus synthetic case is "built from public information and a statistical analysis" [25] on the footprint of the state of Texas. With 2000 buses and 3206 branches, the case boasts a total generation capacity of 96,291.53 MW shared among coal, hydro, natural gas, nuclear, solar, and wind generating units as presented in Fig. 1 .
At each bus, we use a nominal load profile weighted by the corresponding demand found in the 2000-bus power flow case data. Fig.2 shows the aggregate demand profile considered in this study. We assume that the ramp costs ( ) for each generation unit are equal to 1/10 th of the marginal production cost. In order to create a more constrained system, we assume that the hydro and nuclear plants are offline.
Impact of wind power ramping product formulation
The wind ramping up product can be formulated three different ways as presented in Section 3.3, equations (7.a.1), (7.a.2) and (7.a.3). The study of the impact of each formulation is denoted by Case 1.a, Case 1.b, and Case 1.c respectively. For the sake of comparison, we study in Case 1base the base case where wind is not allowed to provide ramping products.
• Case 1.a: Intertemporal up-ramping model (7.a.1) • Case 1.b: Intra-temporal up-ramping model (7.a.2) • Case 1.c: Combined up-ramping model (7.a.3) • Case 1base: Wind cannot provide ramping reserve (None of the 7.a equations) The emphasis, in these case studies, is placed on the ramping-up product because the formulation of the ramping-down product (7.b) has not changed since curtailment of active power is easily performed in realtime and proactive curtailment is required to provide ramping-up product.
The choice of formulation is critical for wind ramping product valuation. Fig.3 shows the impact of each of the three formulations on the actual dispatched wind output in a ramp-constrained system. It presents the aggregate available wind power and formulationspecific power output solutions. In Case 1.b and Case 1.c, the outputs match exactly the available (forecasted) wind generation. In Case 1.a the wind power output at time , , , is constrained to be less than the expected output in the next time interval ̅ , +1 , if there is a need or opportunity for an up-ramp product. The direct implication of this formulation is that whenever a wind ramping product is provided, wind generation is likely to be proactively curtailed in order to "secure" ramping capability.
Beyond the analysis of actual outputs, Fig.4 presents the aggregate ramping product available in each time interval according to each formulation.
Figure 4. Aggregate wind ramping up product for different ramping product formulations
In Case 1.b, wind does not provide any ramping-up product. The formulation in Case 1.b defines the ramping product as the intra-interval ramping capability of units while Case 1.a defines it as an inter-interval ramping capability. Thus, wind is not able to provide any ramping capability in Case 1.b because the actual wind output is identical to the available wind generation (see Fig.3 ). Case 1.b could generate wind ramping-up product in the scenario where the ramping cost exceeds the energy cost. In that case, wind is curtailed. Case 1.c, however, attempts to make the most out of both definitions. In fact, even though the wind power dispatch is the same as the available wind output as presented in Fig.3 , the formulation in Case 1.c (see equation (7.a.3)) leverages both the natural intra-and inter-temporal ramping capabilities of individual wind power plants to provide ramping product as illustrated by Fig.5 . During the intervals when the aggregated wind power is ramping down, some wind power plants still have the capability to provide the ramping-up product. Because the ramp directions are not uniform across all wind power plants, there is always a ramping-up potential even if the aggregate output decreases. This fact is formalized in the following lemma and proven below. Given the spatial variability of the wind power generation, the following assumptions are valid:
• Assumption 1: Neither ̅ , nor ̅ , +1 is strictly dominant, for all wind power plants . The essence of this assumption is that the ramp direction is not the same for all wind power plants, from t to t + 1; some can ramp up while others ramp down. Given the complexity of atmospheric physics, this assumption is likely to hold for any non-trivial number of wind plants with realistic spatial separation at smaller time scales.
• Assumption 2: The aggregate wind generation is non-stationary, i.e.:
It follows from Assumptions 1 and 2 that (note the strict inequality):
We pose:
Which is equivalent to:
From (12.c) and (12.e), we have:
Using (12.a) and (12.d), we can rewrite (12.f) as:
which partially completes the proof. The equality in (11) is achieved in the special case of strict dominance (assumption 1 relaxed) or in case of stationarity of generation output (assumption 2 relaxed).
Equation (11) suggests that the total ramping product provided by wind on plant by plant basis exceeds the ramping capability of aggregate wind plant. The direct corollary of the lemma in equation (11) is that by formulating the wind ramping product as in equation (7.a.3), the system operator will account not only for the natural ramping but also for all necessary curtailments needed in providing the required ramp. The lemma is to highlights the system-wide effect of the formulation (7.a.3) applied on a plant by plant basis. Table 1 presents the summary of the ramping and production costs obtained from the ramping formulations in Case 1a, Case 1b and Case 1c. Case1base corresponds to the base case in which wind is not allowed to provide any ramping product. In this case wind is not considered as a ramping resource. Thus, the security-constrained unit commitment model in Case1base does not include any wind ramping product. Conventional generators provide all necessary ramping products. In addition, Case 1a incurs a load curtailment cost of $116,390 due to the wind power-shedding observed in Fig.3 (Output Case 1.a) while there is no curtailment in the other cases. Case 1.c outperforms all other cases in ramping as well as in production cost savings.
The analysis in this section reveals that the ramping product formulation in (7.a.3) is the one that captures the natural ramping capability of individual wind power plants without unnecessarily inducing wind curtailment that could be used to reduce production cost. It also accounts for and rewards any curtailment deemed necessary in the SCUC optimal solution.
The case study on the formulation impacts reveal that enabling wind power plants' participation in both energy and ramping markets, through appropriate modeling, can generate substantial operation cost savings. The next study investigates how the production cost drops with increasing wind penetration levels. For the rest of this paper, we use the ramping product formulation expressed in (7.a.3).
Sensitivity to wind power penetration
In this section, the study is centered on the impact of wind penetration on the production and ramping costs in a system where wind can provide ramping product.
We evaluate the ramping and production costs for different wind penetration levels from 10% (the baseline penetration) to 30%. For each desired penetration level , the target wind plant capacity , is obtained by multiplying the initial wind capacity , (i.e., the capacity at 10% wind penetration, in this case) of a wind power plant is multiplied by the scalar given by:
For each penetration level, we compute the production and ramping costs via a 24-hour SCUC instance, with generation costs taken from the TAMU 2000 case data. Fig. 6 presents a quasi-linear cost reduction for wind penetration levels 10% through 30%.
The additional wind generation displaces expensive thermal generation and provides energy up to available limits while contributing toward ramping needs using its natural ramping capability. This explains the ramping and production cost drop observed in Fig.6 However, in ramp-constrained systems, wind can be curtailed in order to support the grid in providing the necessary ramp to the load. For instance, if between 3 to 8 am (see Fig.1 ), the load ramps up strongly but wind generation ramps down beyond the ramping-up capability of all other units and load combined, wind output will be shed as illustrated in Fig.7. Fig.7 shows the aggregate wind power output and available power at 28% wind penetration. In this particular case, wind is curtailed across all wind plants to support the up-ramp needs as demand rises between 1 and 6 am. It is further noted that as wind penetration increases, the ramp contribution of wind power also increases. Fig.8 shows the trend of wind contributions in providing for system-wide ramping-up needs. The primary y-axis on the left corresponds to the wind ramp contributions for 10% to 30% wind penetration. These contributions express the ratio between the available wind rampingup capability and the total ramping-up requirement.
Figure 8. Wind ramping-up contribution
For the sake of reference, the secondary y-axis on the right indicates the system-wide ramping requirement. It is worth noting that the system ramping requirement depends solely on the system load, thus it does not change with wind penetration levels.
With increased wind penetration levels, both ramp and production costs decrease as wind resources displace more expensive generation units in providing both energy and ramping products. In cases where wind ramps in the opposite direction compared to the load, wind curtailment may occur in support to the grid.
Conclusion
This paper investigates three wind ramping-up product formulations, as well as the sensitivity of production and ramping costs with regards to increasing levels of wind penetration. The ramping product formulation in (7.a.3) captures the natural ramping capability of individual wind power plants without unnecessarily inducing wind curtailment that could be used to reduce production cost. As wind power penetration increases, the grid operating cost is expected to decrease even though wind might be curtailed to provide ramping support. This work presents deterministic study of the flexible ramping product formulation. Future work will focus on the robustness of the outperforming formulation in a stochastic setting where load and wind generation uncertainties are captured.
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